There is controversy over the role of Her-2 in osteosarcoma, with some investigators reporting association between expression and adverse outcome, whereas others point to the lack of gene amplification and membranous expression by immunohistochemistry (IHC) as inconsistent with biological significance. Her-2 normally requires pairing with epidermal growth factor receptor (EGFR), Her-3, or Her-4, but these have been less well studied in osteosarcoma. We evaluated the expression of each of these receptors in osteosarcoma and their potential to contribute to pathogenesis by examining a panel of low-passage primary osteosarcoma cell lines, comparing these with archival tumor specimens. Her-2 immunoreactivity was seen frequently in the diffuse staining pattern described previously. We observed EGFR in all samples by IHC. Her-3 expression was not observed. Her-4 expression was nuclear in distribution in all tumor samples and many cell line samples, consistent with activation and cleavage of the receptor. Quantified expression of Her-2 and EGFR mRNA by quantitative, real-time PCR in cell lines correlated with IHC for Her-2 but not for EGFR. Western blot identified full-length receptors for EGFR and Her-2 in all expected cell lines and showed Her-4 to be predominantly in the p80 form. Flow cytometry identified cell surface Her-2 and EGFR in all lines with receptor expression by IHC. We conclude that the cell surface expression of Her-2 and EGFR and the nuclear localization of the activated p80 fragment of Her-4 suggest that all three may be contributing to osteosarcoma pathogenesis. Therapy directed against this family of receptors may be beneficial for patients with osteosarcoma.
INTRODUCTION
Osteosarcoma is the most common solid tumor in teenagers and the third most common solid tumor in children, accounting for over 900 new diagnoses in the United States each year (1) (2) (3) . Despite the use of adjuvant chemotherapy, 5-year survival has reached a plateau of approximately 70%, and this figure has not changed significantly in almost 20 years (1, 4 -7) . Patients with metastatic disease or relapse have a much worse outcome, and extrapulmonary metastatic disease is almost uniformly fatal (5, 8) .
There has been tremendous interest in identifying markers of prognostic and therapeutic significance. One possible target in solid tumors is the erbB family of type I protein receptor tyrosine kinases (RTKs), consisting of epidermal growth factor receptor (EGFR), Her-2, Her-3, and Her-4. These cell surface molecular targets make homodimers and heterodimers (9 -11) to form growth factor receptors that can mediate more rapid growth in malignant cells (12) and promote cell survival (13) . The best described is Her-2, overexpression of which in breast and ovarian cancer is associated with poor clinical outcome (14) . Her-2 has no known ligands (15) but promotes signaling when combined in heterodimers with any of the other family members, each of which does have ligands (16, 17) . Other erbB family members preferentially pair with Her-2 when both are expressed (18, 19) . Immunohistochemical stains of Her-2 expression in Her-2 overexpressing epithelial tumors showed strong antigen staining along the edges of tumor cells, consistent with membrane staining (14) . This phenotype is often associated with gene amplification within malignant clones. Administration of trastuzumab, a monoclonal antibody (MAb) specific for Her-2, has led to improved outcomes for breast cancer patients with elevated Her-2 expression, especially when combined with multiagent chemotherapy (20) . In addition, several small molecules have been or are being developed that specifically inhibit signaling by Her-2, EGFR, or the entire family of receptors (21) .
Her-2 expression in osteosarcoma is an area of controversy. Three groups have reported an association between low-level Her-2 expression observed in initial biopsy samples and worse outcomes, including more frequent metastases and relapses and a reduced survival (22) (23) (24) (25) . Other groups did not see this association (26 -29) , and one group reported an association between Her-2 expression and increased overall survival (30) . Another report showed that expression was not uniform between primary and metastatic tumors, including instances in which metastatic tumors lost Her-2 expression that had been observed in the primary biopsy (26) . Her-2 gene amplification in osteosarcoma has not been routinely observed (27) , except in a single study using fluorescence in situ hybridization analysis (25) . When the protein is detected by immunohistochemistry (IHC), the pattern of staining is faint and diffuse, which pathologists associate with cytoplasmic rather than cell surface or membrane expression. It has been unclear how Her-2 expression could affect osteosarcoma biology unless the receptor is also expressed on the cell surface.
The cellular localization of erbB family members can be indicative of their phosphorylation and activation status. Some established osteosarcoma lines are known to express EGFR (31), the regulation of which includes ligand-induced internalization into endosomes (32) , from which the receptor continues to signal until degraded (33) . For Her-4, ligand binding and phosphorylation leads to proteolysis in two steps (34 -36) , resulting in a M r 80,000 fragment that retains kinase activity and traffics to the nucleus (35, 37) . The pattern of expression of other erbB family members could aid the interpretation of Her-2 expression by osteosarcoma and might suggest whether RTKs are active in this disease.
We wished to determine the expression pattern for the erbB family of RTKs, attempting to either confirm or refute their ability to participate in osteosarcoma pathogenesis. To this end, we examined a panel of low-passage, primary osteosarcoma cell lines, as well as the established osteosarcoma lines Saos-2 and SJSA, for expression of all four RTKs by IHC and Western blot. The immunohistochemical expression was compared with archival tumor specimens to validate the use of these lines as models for osteosarcoma. The expression of Her-2 and EGFR was quantified at the RNA level using quantitative, real-time PCR (Q-PCR), and cell surface Her-2 and EGFR were assayed using flow cytometry. Collectively, these studies define the expression and localization of these RTKs and their ability to participate in pathogenesis of osteosarcoma.
MATERIALS AND METHODS
Cell Lines. All human tumor cell lines were obtained/derived with the approval of the Institutional Review Board of the University of Michigan Medical Center. Cells were cultured in DMEM supplemented with 10% FCS, penicillin (100 units/ml), streptomycin (100 g/ml), and L-glutamine (292 g/ml; Gibco/Invitrogen, Grand Island, NY) and 1% insulin/transferrin/selenium (Gibco). Primary osteosarcoma cell lines WOL, COL, JOL, and KOL were derived from patients treated at the University of Michigan. Lines OS-179 and OS-187 were the kind gift of Dr. Richard Gorlick, Memorial Sloan Kettering Cancer Center (New York, NY). The stable cell lines Saos-2 (38) and SJSA (39) are available from American Type Culture Collection, as are control cell lines SKOV-3 (40), MCF-7 (41), and A431 (42) .
IHC. Immunohistochemical staining was performed on the DAKO Autostainer (DAKO, Carpinteria, CA) using DAKO LSABϩ and 3,3Ј-diaminobenzidine as the chromogen. Deparaffinized sections of formalin-fixed tissue at 5-m thickness were stained with H&E or labeled with anti-EGFR (clone H11; 1:100; DAKO), anti-Her-2 (rabbit polyclonal antibody, catalog number A0485; 1:200; DAKO), anti-Her-3 (clone RTJ1; 1:40; NovaCastra Laboratories Ltd., Newcastle upon Tyne, United Kingdom), or anti-Her-4 (rabbit polyclonal sc-283; 1:200; Santa Cruz Biotechnology, Santa Cruz, CA). Protease K antigen retrieval (5 min) was used before incubation with anti-EGFR. Sections stained with anti-Her-2, anti-Her-3, and anti-Her-4 did not require antigen retrieval. Appropriate negative (no primary antibody) and positive controls [breast carcinoma (overexpressing EGFR and Her-2) and normal muscle (expressing Her-3 and Her-4)] were stained in parallel with each set of tumors studied. Digital photomicrographs were obtained at ϫ400 magnification. Intensity of expression is reported in a semiquantitative manner in Table 1 .
Quantitative PCR. Total RNA was isolated from 70% confluent osteosarcoma cells lines using the TriZol method (43) . cDNA was synthesized from 1 g of RNA using a first-strand synthesis kit for reverse transcription-PCR (Retroscript; Ambion, Austin TX) with random decamer primers. The relative abundance of each mRNA species was assessed using the 5Ј fluorogenic nuclease assay to perform Q-PCR (44) . PCR primers and fluorescence resonance energy transfer probes (TaqMan) for EGFR and Her-2 were obtained from Biosource (Camarillo, CA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers and probes were obtained from Applied Biosystems (Foster City, CA). Multiplex Q-PCR using a SmartCycler (Cepheid, Sunnyvale, CA) was performed in duplicate in 30-l reaction volumes consisting of 1ϫ quantitative PCR SuperMix-UDG reaction mix (catalog number 11730-025; GIBCO BRL, Gaithersburg, MD). The reaction conditions were 50°C for 120 s and 95°C for 10 min, followed by 60 cycles of 95°C for 15 s and 60°C for 1 min. Standard curves were obtained using commercially available full-length cDNA probes and reported as number of copies of EGFR or Her-2/10000 copies of GAPDH. PCR products were also resolved by PAGE using 10% gels and stained with SYBR Green I nucleic acid gel stain (FMC, Rockland, ME) and photographed under UV conditions. A breast carcinoma known to express both EGFR and Her-2 was also extracted under identical conditions and run in parallel as a positive control.
Western Blot. Whole cell lysates were analyzed by SDS-PAGE using a 4 -20% gradient polyacrylamide gel and transferred to polyvinylidene difluoride membranes by standard techniques. Membranes were probed using the following antibodies: EGFR, rabbit polyclonal antibody (1:200; DAKO); Her-2, goat polyclonal antibody (1:500; DAKO); Her-3, clone RTJ.2 (1:500; Santa Cruz Biotechnology); Her-4, rabbit polyclonal antibody sc-283 (1:500; Santa Cruz Biotechnology); and ␤-actin, clone AC-15 (Abcam Ltd., Cambridge, United Kingdom). Antigen was detected by chemiluminescence according to the manufacturer's directions (Amersham Biosciences, Piscataway, NJ). Intensity of expression is summarized on a semiquantitative basis in Table 1 .
Flow Cytometry. Tumor cell monolayers were mobilized with enzymefree cell dissociation buffer (Invitrogen) and resuspended at a density of 2 ϫ 10 7 cells/ml. Cells (10 6 ) were stained with phycoerythrin-conjugated anti-EGFR (clone EGFR-1; Becton Dickinson, San Jose, CA), phycoerythrinconjugated anti-Her-2 (clone Neu 24.7; Becton Dickinson), or phycoerythrinconjugated isotype control (mouse IgG1/k; PharMingen, San Diego, CA) and analyzed on an EPICS XL flow cytometer using XL System II software (Beckman-Coulter). Living cells were identified by forward scatter/side scatter gating. To quantify receptor expression, standardized antibody-binding beads (Quantum Simply Cellular; Bangs Laboratories, Fishers, IN) were stained in parallel with tumor cells. These beads bind antibody at precisely defined numbers of MAb molecules/bead (five different densities), allowing comparison via regression analysis between fluorescence intensity and antibody number. Because MAbs specific for EGFR or Her-2 were used at saturating concentrations, one and only one MAb was attached to each cell surface receptor. The background value of isotype control-stained cells was subtracted from the calculated density of Her-2 and EGFR to obtain the actual number of molecules/cell.
RESULTS

Detection of erbB Family Member Expression in Osteosarcoma by IHC.
To determine the potential for EGFR, Her-2, Her-3, and Her-4 to participate in osteosarcoma pathogenesis, we cultured lowpassage, primary osteosarcoma cell lines in vitro and made paraffinembedded cell blocks of these for examination by IHC. As a comparison, we also studied the established cell lines Saos-2 (38) and SJSA (39) , as well as two control lines, MCF-7 (41), a breast cancer line that does not overexpress Her-2, and SKOV-3 (40) , an ovarian carcinoma line that overexpresses Her-2 (45). Cell sections were stained with H&E, EGFR, Her-2, Her-3, or Her-4 and examined by light microscopy ( Fig. 1 ). Semiquantitative measures of expression, with a description of the staining pattern, are included in summary Table 1 . The primary cell lines demonstrated a range of Her-2 expression, from line COL, which showed no Her-2, to cell line OS-187, which demonstrated strong immunoreactivity, although less intense than that of SKOV-3. In the majority of osteosarcoma cell lines, including Saos-2 and SJSA, Her-2 expression was faint and diffusely present throughout the cell, a pattern consistent with cytoplasmic rather than membrane expression. All osteosarcoma cell lines were Table 1 Summary of erbB family expression in osteosarcoma cell lines The data from Figs. 1-4 are summarized and combined with the results from quantitative PCR analysis. Quantitative PCR was performed on cDNA from primary osteosarcoma lines and control samples. The relative abundance of each species of cDNA per 10,000 copies of GAPDH, is shown. Legend: IHC, immunohistochemistry; Q-PCR, quantitative, real-time-PCR; WB, Western blot; FACS, fluorescence-activated cell sorting or flow cytometry; EGFR, epidermal growth factor receptor; M or Memb, immunoreactivity pattern consistent with membranous expression; D or Diffuse, immunoreactivity pattern diffuse, consistent with cytoplasmic expression; N or Nuclear, immunoreactivity predominantly observed in the nuclear region, consistent with nuclear expression. ND, not done. Values for quantitative PCR and fluorescence-activated cell sorting were obtained as described in Table 1 and Fig. 4 , respectively. Relative expression levels for immunohistochemistry and Western blot are described on a linear scale from 0 to 4. It was important to demonstrate that these primary osteosarcoma cell lines could serve as an accurate model for the EGFR family member expression observed for osteosarcoma in patients. To validate the expression in these cells, we examined archival osteosarcoma tumors from primary biopsies, tumors resected after neoadjuvant chemotherapy, and recurrent, metastatic pulmonary nodules for the expression of EGFR, Her-2, Her-3, and Her-4. This panel was intended to demonstrate the range of expression seen in human disease but did not have a sufficient quantity of tumors to permit correlation between expression and outcome. Her-2 in this panel demonstrated varied expression, with no Her-2 in some samples, low-level diffuse staining in the majority of cells in other samples, and focal, higher level cytoplasmic expression in a minority of cells in other tumors. Most samples had uniform, strong immunopositivity for EGFR in a diffuse pattern. Her-3 was negative in all tumors. Her-4 immunoreactivity showed nuclear localization in most archival tumor specimens. Representative tumors are shown in Fig. 2 . Semiquantitative measures of expression, with a description of the staining pattern, are included in summary Table 1 . The similarity in EGFR family member expression between the primary osteosarcoma cell lines and archival pathological specimens validated the use of the primary osteosarcoma cells as a model for EGFR family member functioning in vivo.
Detection of erbB Family Member mRNA in Osteosarcoma Cell Lines by Q-PCR. We wished to obtain further evidence for the presence of erbB family members in primary osteosarcoma cell lines. mRNA was extracted from primary osteosarcoma cell lines grown in parallel with those examined by IHC, as well as from the control lines MCF-7 and SKOV-3, and cDNA was made by reverse transcription. The cDNA was assayed by Q-PCR for the presence of Her-2 and EGFR expression, as well as for expression of the housekeeping gene GAPDH. The amount of cDNA (in copies/g RNA) was calculated for each of the three genes, and the number of copies of Her-2 and/or EGFR per 10,000 GAPDH copies was calculated (Table 1) . Her-2
cDNA was detected from all cell lines, and the amount of message approximated the intensity of staining in IHC. EGFR cDNA was detected from all cell lines tested, although no relationship between intensity of staining in IHC and number of cDNA copies was identified.
Detection of erbB Family Members in Osteosarcoma by Western Blot. We demonstrated that primary osteosarcoma cell lines express EGFR and Her-2 at the mRNA level and show staining for these and for Her-4 by IHC. We wished to know whether the translation of this message leads to full-length RKT expression in primary osteosarcoma cell lines. To assess the expression of full-length proteins of the erbB family, we made protein lysates from parallel cultures of the same cells assayed in Fig. 1 . These lysates were separated by SDS-PAGE and examined by Western blot for EGFR, Her-2, Her-3, and Her-4 (Fig. 3) . Semiquantitative measures of Western blot intensity are included in summary Table 1 . To avoid overexposure during Her-2 detection, only 5% of the protein was loaded from the SKOV-3 sample (which is known to overexpress Her-2) as was analyzed for the other samples.
Her-2 was detectible (in decreasing intensity) from cell lines OS-187, OS-179, KOL, WOL, Saos-2, and JOL and was the same size as Her-2 expressed in SKOV-3 and MCF-7. Her-2 expression was below the threshold of detection by this method for COL. p170-EGFR was seen at the correct size for all primary lines. Her-3 was not detected in primary osteosarcoma lines. Her-4 signal was detected in COL, OS-187, WOL, Saos-2, and MCF-7; faintly detected in OS-179, JOL, and KOL; and observed at a molecular weight of M r 80,000 for all samples. Thus, primary osteosarcoma cell lines express full-length proteins for Her-2 and EGFR and contain the p80 fragment of Her-4. Fig. 2 . erbB family member expression in archival osteosarcoma tumor samples. Sections of formalin-fixed, paraffin-embedded osteosarcoma tumors were assessed as described in the Fig. 1 legend. Photomicrographs were obtained at ϫ400 magnification. Fig. 3 . Western blot analysis of erbB family member expression in primary osteosarcoma lines. Parallel cultures of cells analyzed in Fig. 1 and Table 1 were prepared as whole cell lysates and resolved on 4 -20% gradient SDS-PAGE gels for Western analysis. Membranes were probed for the cytoplasmic domain of epidermal growth factor receptor, Her-2, Her-3, and Her-4. Staining for ␤-actin was used as a loading control. MCF-7 was overloaded. SKOV-3 was intentionally underloaded at one-twentieth of the total protein amount compared with the primary osteosarcoma samples.
EXPRESSION OF erbB FAMILY MEMBERS IN PRIMARY OSTEOSARCOMA
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Detection of Cell Surface Her-2 and EGFR Expression by Flow
Cytometry. The pattern of antigen detected by IHC of osteosarcoma tumor samples for Her-2, Her-4, and, to a lesser extent, EGFR, is usually interpreted by pathologists as signifying cytoplasmic rather than membrane expression. For a RTK to bind ligand and signal, it is assumed that the receptor must be expressed at the cell surface, at least transiently. We wished to determine whether the erbB family members expressed in osteosarcoma cells were present on the cell surface, establishing their ability to participate in ligand binding and signaling events.
To detect cell surface expression of Her-2 and EGFR in primary osteosarcoma cell lines, we used flow cytometry. Viable osteosarcoma cells and control samples were stained with phycoerythrinconjugated anti-Her-2 MAb, anti-EGFR MAb, or isotype control antibody and analyzed by single-color fluorescence-activated cell sorting (Fig. 4) . In this method, MAbs can bind only to the outside of intact cells, so only the outer cell membrane is examined. Because MAbs specific for Her-3 or Her-4 that function in fluorescenceactivated cell sorting for living cells are not available, we did not assess these receptors by this method. To quantify RTK expression, immunoconjugated microspheres with defined numbers of antibodybinding sites were stained in parallel with the same antibodies, and regression analysis was used to calculate the amount of EGFR or Her-2 expressed at the tumor cell surface on a molecules/cell basis. These values are included in the figure and also in summary Table 1 . For Her-2, the fluorescence intensity and molecular density assessed by fluorescence-activated cell sorting corresponded directly to the intensity of staining seen by IHC for each cell line, with OS-187 expressing the most Her-2 (1.88 ϫ 10 5 Her-2 molecules/cell), and COL expressing none. The majority of primary and established osteosarcoma cell lines expressed 2-7 ϫ 10 4 molecules/cell. By contrast, SKOV-3, a typical ovarian carcinoma line that overexpresses Her-2, had 1.2 ϫ 10 6 Her-2 molecules/cell. There was less cell surface expression of EGFR than of Her-2 for many of the cell lines, and no osteosarcoma lines expressed EGFR at the cell surface in excess of 1 ϫ 10 5 molecules/cell. This low expression was not due to a defect in antibody binding because A431 (42) , an epithelial carcinoma cell line known to overexpress EGFR (46), expressed nearly 1 million cell surface EGFR molecules/cell. Some cell lines, such as Saos-2, had almost no cell surface EGFR detected by flow cytometry, despite evidence of antigen expression by IHC. In all cases, the density of EGFR on the surface of osteosarcoma cells was less than that predicted from histological studies and Western blot. All osteosarcoma lines assessed expressed either cell surface EGFR, cell surface Her-2, or both.
The erbB family expression for all cell lines as assessed by each method is summarized in Table 1 .
DISCUSSION
Regulation of Expression of the erbB Family of Receptors.
The trafficking and signaling of the RTKs of the erbB family are complex, with different regulatory mechanisms described for various receptors. Because clear evidence for expression of three of the four by primary osteosarcoma lines was observed, it is helpful to briefly review their described behaviors. The same mechanisms may be active in osteosarcoma and may help explain the varied observations made, both by our group and others, of Her-2/EGFR expression in osteosarcoma.
The extracellular region, intracellular kinase domain, and COOHterminal domain responsible for autophosphorylation of RTKs are well described [reviewed by Jorissen et al. (47) ]. On ligand binding, homodimers and heterodimers of these RTKs undergo autophosphorylation (48), leading to second messenger generation through the RAS/mitogen-activated protein kinase (49), Shc (50), Src (51), phospholipase C-␥ (52), phospholipase D (53), and/or signal transducers and activators of transcription (54, 55) pathways, and possibly others.
EGFR, upon binding ligand and becoming phosphorylated, undergoes rapid internalization in clathrin-coated pits and endosomes, perhaps together with its pairing partners such as Her-2, from which it continues to signal for up to an hour before being degraded (32) . Thus ligand binding of EGFR, with surface down-regulation and degradation, can cause Her-2 degradation as well (33) .
An additional level of regulation by proteases had been described for Her-4. Binding of neuregulin by a Her-4-containing homodimer or heterodimer induces cleavage of the extracellular domain from Her-4 by ADAM17 (also called TACE), a metalloproteinase (34) . This cleavage releases a M r 120,000 fragment consisting of the entire extracellular region, whereas a M r 80,000 fragment is retained bound to the membrane. After ADAM17 cleavage either at the surface or within internalized smooth vesicles, the transmembrane domain of Her-4 can be cleaved by ␥-secretase (also called PS-1), which releases the entire intracellular domain into the cytoplasm (35, 36) . This fragment retains tyrosine kinase activity and can be translocated to the nucleus. Its substrates there are unknown. Thus the regulation of the erbB family includes internalization of active kinases.
Her-2 Expression in Osteosarcoma. There has been great controversy over the expression of Her-2 in osteosarcoma and its potential role in pathogenesis. We establish here that primary osteosarcoma cell lines do express the receptor, albeit at much lower levels than that observed in some breast or ovarian cancers. The cell surface localization for the receptor was found even in those cell lines that appeared to have a "cytoplasmic" pattern of Her-2 staining by IHC. This low level of expression has been associated with adverse outcome in some studies (22) (23) (24) (25) , but not others (26 -30) .
One reason for this controversy is the substantial difference in receptor levels expressed by osteosarcoma compared with that of the epithelial malignancies in which the function of EGFR and Her-2 was first described. We demonstrate that primary osteosarcoma lines can express both Her-2 and EGFR on the cell surface. We also show that typical Her-2 ϩ osteosarcoma lines such as WOL have about 50-fold less cell surface Her-2 than a typical ovarian cancer line, SKOV-3.
There was also about a 20-fold lower level of cell surface expression of EGFR than an EGFR overexpressing epithelial carcinoma line. An Table 1 were mobilized with enzyme-free cell dissociation buffer and stained for flow cytometry with phycoerythrin-conjugated anti-Her-2, phycoerythrin-conjugated anti-EGFR, or isotype control antibody. A431 cells, an epithelial carcinoma line known to overexpress EGFR, were included as a positive control for EGFR staining. Single overlay histograms are shown. The number of receptor molecules/cell, as calculated using standardized reference beads and expressed in thousands, is shown in the top right corner of each panel.
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on April 16, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from inherent assumption in many investigations of RTK function in osteosarcoma was that the gene and protein would act in the same manner that they do in breast cancer, ovarian cancer, or non-small cell lung cancer, where adverse outcome is associated with overexpression, not the presence of the receptor per se. Thus a wealth of studies have pointed to the lack of gene amplification for Her-2 in osteosarcoma, the failure of immunohistochemical staining to demonstrate a membranous pattern for Her-2, and the scant staining observed as evidence that the receptor could not be contributing to osteosarcoma biology.
Whereas such an approach may make intuitive sense, the RTKs are clearly able to influence cell growth and tissue development when expressed at lower levels. The animal models for this family of receptors, including knockout mice (56, 57) , have shown their essential functions when expressed at low density in normal tissues. There is sufficient evidence to admit the possibility that Her-2 signaling may be important to the pathogenesis for some osteosarcoma, and the present work demonstrates cell surface localization of Her-2 that may account for such signaling. Additional studies will be needed to assess which Her-2 signaling pathways may be functioning in osteosarcoma.
EGFR Expression in Osteosarcoma. The EGFR expression in osteosarcoma at a minimum would provide a pairing partner for any Her-2, facilitating signaling from both members of the family. Previous studies found evidence for expression of both EGF and EGFR by stable osteosarcoma cell lines (58 -61) and in archival specimens (62) , although this expression has received little attention. Discrepancies were seen in our studies between EGFR measured by one technique compared with others. All of our osteosarcoma lines express readily detectible EGFR by Q-PCR and IHC, and the antigen is seen predominantly in a membranous pattern, suggesting cell surface expression. By contrast, EGFR expression in archival specimens was observed predominantly in a cytoplasmic pattern, consistent with ligand binding, activation, and internalization in vivo. Flow cytometry of osteosarcoma lines also demonstrated cell surface EGFR expression, although the density of expression at the surface (in molecules/ cell) was lower than one would have anticipated based on the immunohistochemical staining and the Western blot analysis. For example, COL has much more EGFR than either WOL or OS-187 by Western blot analysis but has lower cell surface expression by flow cytometry. It is clear from both the Western blot and IHC that the receptor is present in most cells but may be partially protected from staining detectible by fluorescence-activated cell sorting.
One explanation for the discrepancy between flow cytometric analysis and the IHC or Western analysis would be if much of the EGFR in osteosarcoma is contained in endocytosed vesicles. Endocytosis would be expected if EGFR were binding ligand, either growth factors in the culture medium or EGF synthesized and secreted by the osteosarcoma cells themselves. The culture medium seems an unlikely source of a ligand inducing internalization because high-density expression of EGFR was seen on the surface of A431 cells grown in the same medium. Internalized receptor would also explain the diffuse staining pattern observed for archival tumors in IHC. In systems where EGFR and Her-2 are expressed at similar densities, the EGFR promotes trafficking of Her-2 contained in heterodimers into coated pits, and both receptors are phosphorylated and activated (33) . Thus, the pattern of expression for EGFR and Her-2 suggests that both have the potential to affect osteosarcoma behavior. Because EGFR is internalized at a much higher rate when the receptor is phosphorylated (33) , our observation of RTK internalization in osteosarcoma raises questions about the expected efficacy of immune-based therapies targeting either of these receptors with MAbs such as trastuzumab because much of the receptor may be shielded in internalized vesicles.
Her-3 and Her-4 Expression in OS. Significant Her-3 expression was not observed by any of the methods used, except in the control line MCF-7. Thus, it is unlikely that Her-3 makes a significant contribution to osteosarcoma pathogenesis or outcome. The lack of good antibodies to detect Her-3 or Her-4 by flow cytometry makes it difficult to further assess the expression and trafficking of these receptors as we have done for EGFR and Her-2.
The pattern of expression seen for Her-4 by IHC was generally concordant with the protein expression measured by Western blot. Her-4 staining in archival osteosarcoma tumor samples was almost exclusively nuclear in distribution, suggesting an activated state. A subset of the WOL, SJSA, and COL cells also appear by IHC to have nuclear localization of Her-4 antigen, which would suggest generation of the p80 fragment by ␥-secretase or a related enzyme (35, 36) . It is unclear what happens to the Her-2 bound into heterodimers with activated Her-4 when the Her-4 is cleaved by ␥-secretase. Western blot confirmed that Her-4 is present in the p80 form in these osteosarcoma cells. Because this fragment retains its kinase activity and is generated from phosphorylated, active receptors, this observation would indicate that the Her-4 observed in osteosarcoma is activated and signaling.
We have shown that EGFR, Her-2, and Her-4 are expressed in primary, low-passage osteosarcoma cell lines and that at least the first two are present on the cell surface and as intact, full-length proteins within the cell. The pattern of expression for EGFR and Her-4 suggests that both are activated and signaling in most osteosarcoma cell lines. Her-2 expression is varied among primary osteosarcoma lines but is present on the surface of primary osteosarcoma cells in which it is observed by IHC. This expression, together with the presence of activated pairing partners for Her-2, provides a biological foundation for the clinical evidence that expression of Her-2 is associated with adverse outcomes in osteosarcoma. Alternatively, it may be that expression of any of the erbB family members by osteosarcoma confers a worse prognosis. Those studies remain to be performed. In either case, the frequency with which members of this family are observed in osteosarcoma suggests that these patients might benefit from pharmacotherapy targeting RTK signaling, a possibility we will investigate in additional studies.
